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  an	
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  MDR	
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  Enteritidis	
  with	
  P125109	
  

	
  

Malawian	
  invasive	
  strain	
  D7795	
  was	
  selected	
  for	
  detailed	
  analysis.	
  D7795	
  was	
  

isolated	
  from	
  the	
  blood	
  of	
  a	
  Malawian	
  child	
  in	
  2000,	
  and	
  is	
  MDR	
  (resistant	
  to	
  

amoxicillin,	
  chloramphenicol,	
  cotrimoxazole	
  and	
  tetracycline).	
  Unsurprisingly,	
  the	
  

draft	
  genome	
  sequence	
  of	
  D7795	
  closely	
  resembles	
  that	
  of	
  P125109.	
  It	
  does,	
  

however	
  harbour	
  a	
  number	
  of	
  predicted	
  pseudogenes,	
  a	
  different	
  prophage	
  

repertoire	
  and	
  a	
  substantially	
  larger	
  plasmid	
  with	
  an	
  MDR	
  region.	
  In	
  total	
  D7795	
  

shares	
  95.2%	
  of	
  its	
  coding	
  sequences	
  with	
  P125109	
  and	
  P125109	
  shares	
  97.0%	
  of	
  

its	
  CDS	
  with	
  D7795.	
  There	
  are	
  a	
  further	
  363	
  genes	
  in	
  D7795	
  which	
  have	
  NS-­‐SNPs	
  

with	
  respect	
  to	
  P125109.	
  

	
  

Evidence	
  of	
  recent	
  gene	
  acquisition	
  in	
  P125109	
  has	
  previously	
  been	
  highlighted;	
  of	
  

the	
  130	
  CDSs	
  specific	
  to	
  P125109,	
  compared	
  to	
  S.	
  Gallinarum	
  strain	
  287/91,	
  those	
  

associated	
  with	
  the	
  novel	
  genomic	
  region	
  denoted	
  region	
  of	
  difference	
  (ROD)	
  4	
  and	
  

prophages	
  ΦSE10,	
  ΦSE14	
  and	
  ΦSE20	
  appear	
  to	
  be	
  recent	
  acquisitions	
  with	
  no	
  

evidence	
  of	
  them	
  ever	
  being	
  present	
  in	
  S.	
  Gallinarum	
  strain	
  287/91.	
  The	
  same	
  is	
  

partially	
  true	
  of	
  D7795,	
  which	
  contains	
  no	
  remnant	
  or	
  genomic	
  ‘scar’	
  to	
  suggest	
  the	
  

two	
  neighbouring	
  variable	
  regions	
  from	
  P125109,	
  ROD21	
  or	
  ΦSE20	
  were	
  ever	
  

present.	
  It	
  does,	
  however	
  contain	
  the	
  degraded	
  remnant	
  of	
  a	
  prophage	
  Gifsy	
  2-­‐like	
  

region,	
  ΦSE12,	
  although	
  this	
  region	
  is	
  even	
  more	
  degraded	
  than	
  in	
  P125109.	
  In	
  

contrast,	
  P125109	
  contains	
  the	
  scar	
  or	
  remnant	
  of	
  a	
  different	
  Gifsy	
  2-­‐like	
  prophage	
  

region,	
  which	
  appears	
  complete	
  in	
  D7795.	
  These	
  signature	
  events	
  are	
  consistent	
  

with	
  D7795	
  and	
  P125109	
  having	
  a	
  common	
  ancestor	
  but	
  forming	
  distinct	
  clades.	
  	
  

	
  

The	
  core	
  genome	
  of	
  P125109	
  is	
  largely	
  conserved	
  in	
  D7795.	
  All	
  12	
  SPIs	
  and	
  all	
  13	
  

fimbrial	
  operons	
  associated	
  with	
  P125109	
  are	
  present.	
  The	
  genes	
  within	
  the	
  SPIs	
  

are	
  also	
  intact,	
  however	
  fimbrial	
  protein	
  Y	
  in	
  the	
  fim	
  operon	
  is	
  a	
  pseudogene,	
  and	
  7	
  

other	
  fimbrial	
  operon	
  genes	
  contain	
  non-­‐synonymous	
  SNPs.	
  The	
  fimbrial	
  operons	
  



are	
  otherwise	
  intact	
  with	
  respect	
  to	
  P125109	
  and	
  D7795	
  has	
  maintained	
  the	
  

multiple	
  functional	
  fimbrial	
  operons	
  common	
  to	
  host	
  promiscuous	
  Salmonellae1.	
  

These	
  differences	
  are	
  put	
  in	
  detailed	
  context	
  in	
  Supplementary	
  Table	
  5,	
  adapted	
  

from	
  Thomson	
  et	
  al2.	
  

	
  

The	
  principal	
  difference	
  between	
  the	
  two	
  chromosomes	
  is	
  in	
  the	
  prophage	
  regions	
  

and	
  genomic	
  islands	
  (RODs).	
  P125019	
  contains	
  prophage	
  ΦSE20	
  and	
  near	
  to	
  it,	
  

genomic	
  island	
  ROD	
  21.	
  Prophage	
  region	
  ΦSE20	
  encodes	
  51	
  CDSes	
  in	
  ~41	
  kbp.	
  

Potential	
  cargo	
  genes	
  including	
  the	
  type-­‐three	
  secretion-­‐system	
  (TTSS)	
  secreted	
  

effector	
  protein	
  sseK3	
  and	
  fragments	
  of	
  other	
  TTSS	
  effector	
  genes	
  including	
  sopE,	
  

sspH2	
  and	
  gogA2.	
  It	
  has	
  recently	
  been	
  demonstrated	
  in	
  both	
  a	
  mouse	
  model3	
  and	
  

cell-­‐line	
  model4	
  that	
  genes	
  associated	
  with	
  region	
  ΦSE20	
  are	
  likely	
  to	
  be	
  necessary	
  

for	
  invasion	
  in	
  mice	
  and	
  chickens.	
  	
  The	
  function	
  of	
  ROD21	
  is	
  less	
  clear.	
  It	
  is	
  the	
  

largest	
  genomic	
  island	
  in	
  P125109	
  (~	
  26	
  kb)	
  and	
  its	
  structure	
  has	
  previously	
  been	
  

described	
  in	
  detail2.	
  Of	
  note,	
  it	
  has	
  a	
  low	
  G+C	
  content	
  and	
  most	
  of	
  this	
  island	
  encodes	
  

a	
  paralogue	
  of	
  H-­‐NS	
  (hnsB	
  –	
  a	
  down	
  regulator	
  of	
  transcription)	
  and/or	
  an	
  H-­‐NS	
  

antagonist,	
  hnsT	
  5-­‐7.	
  	
  

	
  

In	
  addition	
  to	
  these	
  large	
  differences,	
  some	
  of	
  the	
  prophage	
  regions	
  and	
  RODs	
  have	
  

undergone	
  further	
  degradation	
  involving	
  specific	
  important	
  genes.	
  ΦSE12	
  and	
  

ΦSE12A	
  are	
  prophage	
  remnants	
  lying	
  adjacent	
  to	
  each	
  other	
  and	
  carry	
  remnants	
  of	
  

the	
  PhoPQ-­‐activated	
  genes	
  pagK	
  and	
  pagM,	
  and	
  an	
  intact	
  copy	
  of	
  sopE	
  known	
  to	
  

stimulate	
  cytoskeletal	
  re-­‐organisation	
  during	
  invasion	
  of	
  host	
  cells.	
  This	
  region	
  has	
  

undergone	
  further	
  degradation	
  in	
  D7795,	
  which	
  does	
  not	
  carry	
  sodCI,	
  encoding	
  a	
  

Cu/Zn	
  superoxide	
  dismutase	
  known	
  to	
  be	
  an	
  important	
  colonisation	
  factor	
  for	
  S.	
  

Typhimurium8.	
  	
  Genomic	
  island	
  ROD	
  30	
  has	
  lost	
  the	
  nickel/cobalt	
  transporter	
  rcnA.	
  

Both	
  of	
  these	
  regions	
  are	
  likely	
  to	
  be	
  ancient	
  acquisitions	
  as	
  they	
  are	
  present	
  in	
  S.	
  

Typhimurium	
  LT2.	
  	
  	
  

	
  

D7795	
  contains	
  three	
  complete	
  prophage	
  regions	
  that	
  are	
  absent	
  from	
  P125109,	
  

containing	
  a	
  total	
  of	
  150	
  predicted	
  CDS	
  regions,	
  in	
  addition	
  to	
  one	
  Gifsy	
  2-­‐like	
  



region,	
  highly	
  degraded	
  in	
  P125109,	
  but	
  retaining	
  a	
  further	
  10	
  genes	
  in	
  D7795.	
  The	
  

three	
  complete	
  regions	
  were	
  annotated	
  using	
  PHAST	
  (Phage	
  Search	
  Tool:	
  

http://phast.wishartlab.com/)	
  and	
  are	
  closely	
  related	
  to	
  phages	
  Fels-­‐2	
  (33.1	
  kb,	
  47	
  

predicted	
  CDS,	
  including	
  3	
  cargo	
  genes),	
  Enterobacter	
  P88	
  (38.1	
  kb,	
  52	
  CDS,	
  

including	
  13	
  cargo	
  genes)	
  and	
  a	
  Gifsy	
  1-­‐like	
  prophage	
  (33.1	
  kb,	
  52	
  CDS,	
  including	
  5	
  

cargo	
  genes).	
  The	
  regions	
  largely	
  contain	
  hypothetical	
  genes	
  or	
  essential	
  phage	
  

machinery.	
  However	
  the	
  Enterobacter	
  P88-­‐like	
  prophage	
  carries	
  a	
  gene	
  predicted	
  to	
  

encode	
  a	
  leucine	
  rich	
  repeat	
  (LRR)	
  protein.	
  These	
  LRR-­‐domains	
  are	
  protein	
  

interaction	
  regions	
  and	
  have	
  been	
  implicated	
  in	
  suppression	
  of	
  gut-­‐inflammation	
  

through	
  inhibition	
  of	
  NF-­‐κB-­‐dependent	
  gene	
  expression	
  by	
  both	
  S.	
  Typhimurium	
  

and	
  Shigellae	
  9.	
  	
  

	
  

Inspection	
  of	
  the	
  draft	
  assembly	
  of	
  D7795	
  reveals	
  42	
  putative	
  pseudogenes.	
  Whilst	
  

this	
  only	
  represents	
  0.1%	
  of	
  the	
  genome,	
  a	
  striking	
  feature	
  is	
  how	
  many	
  are	
  

involved	
  in	
  core	
  metabolic	
  pathways,	
  specifically	
  in	
  genes	
  critical	
  for	
  an	
  enteric	
  

lifestyle,	
  and	
  how	
  many	
  genes	
  from	
  the	
  same	
  pathway	
  contain	
  NS-­‐SNPs.	
  Some	
  of	
  

them	
  have	
  catabolic	
  roles	
  in	
  colonic	
  mucus	
  degradation,	
  including	
  SEN1434	
  

(hexonate	
  metabolism)	
  and	
  the	
  sulphatase	
  SEN0035.	
  Colonic	
  mucus	
  contains	
  sugar	
  

acids,	
  a	
  source	
  of	
  nutrients	
  that	
  gut	
  dwelling	
  organisms	
  must	
  be	
  able	
  to	
  utilize	
  10.	
  	
  

Several	
  of	
  the	
  apparent	
  pseudogenes	
  are	
  involved	
  in	
  anaerobic	
  metabolism,	
  

including	
  SEN3902,	
  a	
  glycerol	
  dehydrogenase.	
  Glycerol	
  metabolism	
  is	
  necessary	
  for	
  

anaerobic	
  growth	
  of	
  enterobacteria	
  on	
  non-­‐fermentable	
  sources.	
  Dimethyl	
  

sulphoxide	
  reductase,	
  a	
  gene	
  necessary	
  for	
  the	
  use	
  of	
  terminal	
  electron	
  acceptors	
  in	
  

anaerobic	
  metabolism,	
  has	
  also	
  been	
  lost,	
  together	
  with	
  two	
  other	
  sulphur	
  

metabolism	
  genes.	
  Two	
  genes	
  involved	
  in	
  formate	
  metabolism	
  have	
  become	
  

degenerate.	
  There	
  are	
  a	
  further	
  four	
  metabolic	
  pseudogenes,	
  including	
  mono-­‐

pentose	
  pathway	
  (L-­‐fuculose	
  kinase	
  [fucK]).	
  	
  

	
  

Gene	
  pocR	
  is	
  a	
  pseudogene	
  in	
  D7795.	
  This	
  is	
  one	
  of	
  the	
  most	
  important	
  regulatory	
  

genes	
  for	
  the	
  B12	
  synthesis	
  and	
  propanediol	
  utilisation	
  pathway11,	
  a	
  key	
  enteric-­‐

adaptation	
  pathway.	
  Many	
  Enterobacteriaceae	
  have	
  lost	
  the	
  capacity	
  to	
  synthesise	
  



cobalamine	
  and	
  therefore	
  to	
  degrade	
  1,2-­‐propanediol.	
  However,	
  Salmonella	
  re-­‐

acquired	
  a	
  40	
  kb	
  metabolic	
  island	
  encoding	
  both	
  the	
  cbi	
  and	
  pdu	
  loci12-­‐14.	
  1,2-­‐

propanediol	
  is	
  an	
  important	
  source	
  of	
  energy	
  for	
  S.	
  Typhimurium,	
  especially	
  within	
  

the	
  intracellular	
  compartment	
  15.	
  Of	
  note,	
  the	
  B12	
  transport	
  gene	
  yncD	
  is	
  also	
  a	
  

pseudogene	
  and	
  a	
  number	
  of	
  downstream	
  genes	
  in	
  this	
  pathway	
  have	
  acquired	
  NS-­‐

SNPs	
  including	
  two	
  tetrathionate	
  and	
  three	
  propanediol	
  utilisation	
  genes,	
  which	
  

suggest	
  the	
  possibility	
  of	
  functional	
  changes	
  of	
  this	
  pathway.	
  Similar	
  changes	
  in	
  this	
  

pathway	
  are	
  also	
  seen	
  in	
  invasive,	
  host-­‐adapted	
  serotype	
  S.	
  Gallinarum2.	
  

	
  

Like	
  S.	
  Typhi	
  and	
  S.	
  Gallinarum	
  287/91,	
  S.	
  Enteritidis	
  D7795	
  carries	
  a	
  number	
  of	
  

mutations	
  in	
  a	
  gene	
  which	
  is	
  centrally	
  involved	
  with	
  shedding	
  -­‐	
  shdA.	
  This	
  gene	
  is	
  a	
  

surface-­‐localized,	
  fibronectin-­‐binding	
  protein	
  whose	
  expression	
  is	
  induced	
  in	
  vivo	
  in	
  

the	
  murine	
  caecum16,17	
  and	
  is	
  carried	
  on	
  a	
  25-­‐kb	
  genetic	
  island	
  named	
  centisome	
  54	
  

(CS54	
  island)	
  in	
  S.	
  Typhimurium.	
  Absence	
  of	
  this	
  gene	
  is	
  associated	
  with	
  reduced	
  

faecal	
  carriage	
  and	
  shedding	
  of	
  S.	
  Typhimurium	
  in	
  mice,	
  but	
  not	
  pigs16,18.	
  This	
  gene	
  

is	
  also	
  a	
  pseudogene	
  in	
  S.	
  Typhi	
  and	
  S.	
  Gallinarum	
  and	
  whilst	
  it	
  is	
  intact	
  in	
  the	
  

African	
  invasive	
  S.	
  Typhimurium	
  ST313,	
  the	
  related	
  gene	
  ratB	
  from	
  CS54	
  has	
  

become	
  a	
  pseudogene2,19.	
  As	
  discussed	
  above,	
  there	
  is	
  one	
  fimbrial	
  gene	
  (fimY),	
  

which	
  is	
  a	
  pseudogene	
  and	
  one	
  type	
  III	
  secretion	
  system	
  protein.	
  

	
  

In	
  addition	
  to	
  the	
  metabolic	
  signal	
  suggestive	
  of	
  host	
  adaptation,	
  there	
  are	
  seven	
  

pseudogenes	
  amongst	
  membrane	
  transport	
  genes,	
  including	
  the	
  two	
  further	
  genes	
  

involved	
  in	
  cobalamine	
  metabolism.	
  Cobalamine	
  synthase	
  incorporates	
  Ni-­‐Fe	
  and	
  

Cobalt	
  respectively,	
  and	
  it	
  is	
  interesting	
  to	
  note	
  that	
  D7795	
  has	
  lost	
  rncA,	
  a	
  high	
  

affinity	
  Ni/Co	
  transporter,	
  through	
  a	
  deletion	
  in	
  ROD30	
  (see	
  above)20	
  and	
  the	
  gene	
  

encoding	
  the	
  cobalamine	
  transporter	
  yncB.	
  Five	
  other	
  putative,	
  uncharacterised	
  

transport	
  genes	
  are	
  pseudogenes.	
  A	
  further	
  seven	
  membrane-­‐protein	
  associated	
  

genes	
  have	
  mutations.	
  	
  	
  

	
  

Three	
  DNA	
  replication	
  and	
  repair	
  genes	
  carry	
  mutations,	
  including	
  a	
  mutT-­‐family	
  

gene.	
  	
  Only	
  one	
  pseudogene	
  lies	
  in	
  an	
  amino	
  acid	
  catabolic	
  or	
  biosynthetic	
  pathway,	
  



L-­‐serine	
  (L-­‐serine	
  and	
  L-­‐threonine	
  catabolism),	
  for	
  which	
  there	
  is	
  redundancy21.	
  	
  A	
  

further	
  five	
  hypothetical	
  genes	
  and	
  one	
  phage-­‐protein	
  gene	
  have	
  become	
  

pseudogenes.	
  Supplementary	
  Table	
  3	
  provides	
  a	
  list	
  of	
  some	
  of	
  the	
  common	
  traits	
  

identified	
  amongst	
  the	
  functions	
  of	
  genes	
  lost	
  independently	
  by	
  D7795,	
  S.	
  Typhi	
  and	
  

S.	
  Gallinarum.	
  Some	
  of	
  the	
  overlapping	
  traits	
  are	
  striking;	
  including	
  the	
  loss	
  of	
  genes	
  

involved	
  in	
  common	
  metabolic	
  processes	
  such	
  as	
  cobalamine	
  and	
  propanediol	
  

utilisation	
  and	
  electron	
  transport	
  acceptor	
  function.	
  	
  

	
  

In	
  addition	
  to	
  the	
  large	
  differences	
  in	
  terms	
  of	
  the	
  variable	
  region	
  of	
  the	
  genome,	
  

there	
  is	
  further	
  evidence	
  of	
  reductive	
  evolution	
  in	
  D7795	
  in	
  the	
  form	
  of	
  363	
  genes	
  

containing	
  NS-­‐SNPS.	
  The	
  disproportionate	
  clustering	
  around	
  membrane	
  structures	
  

is	
  yet	
  another	
  signal	
  seen	
  in	
  host	
  adaptation	
  with	
  both	
  S.	
  Typhi22	
  and	
  S.	
  Gallinarum2.	
  

Many	
  of	
  these	
  genes	
  will	
  be	
  functional,	
  but	
  it	
  is	
  likely	
  that	
  some	
  have	
  become	
  

pseudogenes	
  and	
  that	
  others	
  have	
  altered	
  functions.	
  Certainly	
  there	
  is	
  evidence	
  of	
  

clustering	
  around	
  pathways,	
  for	
  example	
  the	
  cobalamine	
  (b12)	
  biosynthetic	
  

pathway.	
  	
  

	
  

The	
  MDR	
  virulence	
  plasmid	
  of	
  the	
  Southern	
  African	
  S.	
  Enteritidis	
  clade	
  

	
  

Aligned	
  of	
  pSENT-­‐BT	
  against	
  finished	
  P125109	
  plasmid	
  pSENV	
  revealed	
  evidence	
  of	
  

two	
  deletions;	
  the	
  first	
  contained	
  genes	
  srgA,	
  srgB	
  and	
  luxR,	
  part	
  of	
  the	
  lux	
  operon	
  

and	
  the	
  second	
  was	
  within	
  gene	
  pSENV0033,	
  a	
  putative	
  integrase.	
  All	
  the	
  other	
  

genes	
  on	
  pSENV	
  including	
  the	
  virulence	
  operon,	
  were	
  intact.	
  The	
  additional	
  regions	
  

aligned	
  against	
  two	
  sequenced	
  fragments	
  of	
  an	
  S.	
  Enteritidis	
  virulence	
  plasmid	
  

(pUO-­‐SeVR)	
  isolated	
  from	
  an	
  African	
  patient	
  presenting	
  with	
  MDR	
  iNTS	
  Enteritidis	
  

in	
  Spain23.	
  In	
  total,	
  nine	
  antimicrobial	
  resistance	
  genes	
  were	
  identified,	
  encoding	
  

resistance	
  to	
  amoxicillin	
  (blaTEM-­‐1),	
  tetracycline	
  (tetR	
  and	
  tetA),	
  chloramphenicol	
  

(catA2)	
  the	
  components	
  of	
  cotrimoxazole	
  (dfrA7,	
  sul1	
  and	
  sul2)	
  and	
  

aminoglycosides	
  (strA	
  and	
  strB).	
  

	
  



The	
  plasmid	
  contained	
  a	
  number	
  of	
  additional	
  genes	
  that	
  might	
  be	
  associated	
  with	
  

virulence	
  and	
  a	
  toxin/antitoxin	
  plasmid	
  addiction	
  system.	
  These	
  included	
  tir,	
  

associated	
  with	
  gut	
  wall	
  attachment	
  in	
  enteropathogenic	
  E.	
  coli,	
  and	
  associated	
  with	
  

virulence	
  in	
  0157:H7	
  strain24;	
  a	
  pecM	
  gene	
  which	
  is	
  a	
  membrane	
  spanning	
  efflux	
  

protein	
  which	
  may	
  have	
  drug	
  efflux	
  properties25;	
  and	
  pncA	
  which	
  is	
  a	
  

nicotinamidase	
  whose	
  function	
  is	
  unclear,	
  however	
  it	
  is	
  essential	
  to	
  the	
  

pathogenesis	
  of	
  Borrelia	
  burgdorferi26.	
  Lastly	
  genes	
  mucA	
  and	
  mucB	
  are	
  present.	
  The	
  

latter	
  has	
  been	
  shown	
  to	
  be	
  a	
  lesion	
  bypass	
  polymerase	
  and	
  although	
  their	
  precise	
  

role	
  is	
  unclear,	
  together	
  they	
  may	
  repair	
  damaged	
  plasmid	
  DNA,	
  or	
  facilitate	
  

mutagenesis.	
  This	
  would	
  be	
  beneficial	
  for	
  an	
  MGE	
  transmitted	
  through	
  a	
  number	
  of	
  

bacterial	
  hosts,	
  by	
  allowing	
  faster	
  adaptation	
  to	
  foreign	
  intracellular	
  

environments27.	
  	
  

	
  

Like	
  pSENV,	
  the	
  virulence	
  plasmid	
  contained	
  an	
  incomplete	
  set	
  of	
  conjugal	
  transfer	
  

genes	
  (tra	
  genes)	
  and	
  it	
  was	
  therefore	
  predicted	
  that	
  this	
  plasmid	
  would	
  not	
  be	
  

capable	
  of	
  conjugal	
  transfer.	
  This	
  was	
  tested	
  by	
  conjugation	
  experiments	
  at	
  26˚C	
  and	
  

37˚C	
  using	
  the	
  plasmid	
  from	
  S.	
  Typhimurium	
  A5456028	
  and	
  IncHI1	
  plasmid	
  PHCM1	
  

as	
  positive	
  controls	
  and	
  PT4-­‐like	
  S.	
  Enteritidis	
  A1636	
  as	
  a	
  negative	
  control.	
  As	
  

predicted,	
  the	
  plasmids	
  of	
  A1636	
  and	
  D7795	
  failed	
  to	
  transfer,	
  whilst	
  the	
  positive	
  

control	
  successfully	
  transferred.	
  	
  

	
  

Interpretation	
  of	
  high-­‐throughput	
  phenotyping	
  	
  

The	
  findings	
  from	
  the	
  pairs	
  of	
  replicates	
  were	
  compared	
  using	
  principal	
  component	
  

analysis	
  and	
  found	
  to	
  be	
  highly	
  consistent.	
  In	
  total,	
  there	
  were	
  200	
  statistically	
  

significant	
  differences	
  between	
  log-­‐fold	
  change	
  in	
  adjusted	
  signal	
  values	
  (SVs)	
  

between	
  the	
  2	
  isolates;	
  97	
  at	
  28˚C	
  and	
  103	
  at	
  37˚C.	
  Following	
  manual	
  review	
  of	
  the	
  

signal	
  from	
  each	
  well,	
  80	
  of	
  the	
  results	
  were	
  considered	
  genuinely	
  significant	
  and	
  

pursued	
  further.	
  The	
  entire	
  output	
  is	
  graphically	
  displayed	
  in	
  Figure	
  3.	
  Evaluation	
  

using	
  Pathway	
  Tools	
  software	
  to	
  identify	
  genes	
  involved	
  in	
  each	
  specific	
  pathway	
  

with	
  evidence	
  of	
  increased	
  or	
  decreased	
  metabolic	
  activity	
  revealed	
  that	
  14/27	
  



(52%)	
  of	
  pathways	
  with	
  evidence	
  of	
  decreased	
  metabolic	
  activity	
  at	
  28˚C	
  in	
  D7795	
  

also	
  displayed	
  evidence	
  of	
  genomic	
  degradation,	
  and	
  12/30	
  (40%)	
  of	
  pathways	
  with	
  

evidence	
  of	
  decreased	
  metabolic	
  activity	
  at	
  37oC	
  in	
  D7795	
  also	
  displayed	
  evidence	
  

of	
  genomic	
  degradation.	
  	
  

The	
  two	
  replicates	
  of	
  D7795	
  showed	
  enhanced	
  metabolism	
  of	
  three	
  simple	
  

carbohydrates,	
  including	
  glucose,	
  sucrose	
  and	
  lactulose,	
  also	
  of	
  D-­‐saccharic	
  acid,	
  D-­‐

alanine,	
  mucic	
  (galactaric)	
  acid	
  and	
  formic	
  acid.	
  There	
  were	
  far	
  more	
  instances	
  of	
  

reduced	
  activity,	
  many	
  of	
  which	
  have	
  a	
  corresponding	
  signature	
  of	
  genomic	
  

degradation,	
  such	
  as	
  pseudogene	
  formation	
  or	
  the	
  presence	
  of	
  NS-­‐SNPs	
  in	
  genes	
  

corresponding	
  to	
  the	
  pathway.	
  These	
  included	
  dulcitol	
  and	
  glycolic	
  acid	
  in	
  the	
  

glycerol	
  degradation	
  pathway,	
  propionic	
  acid	
  in	
  the	
  propanediol	
  pathway	
  and	
  

ethylamine	
  and	
  ethynolamine.	
  Also	
  there	
  was	
  reduced	
  activity	
  in	
  response	
  to	
  three	
  

forms	
  of	
  butyric	
  acid,	
  a	
  short	
  chain	
  fatty	
  acid.	
  This	
  is	
  another	
  signature	
  of	
  loss	
  of	
  

enteric	
  adaptation,	
  as	
  the	
  ability	
  to	
  metabolize	
  short	
  chain	
  fatty	
  acids	
  is	
  an	
  

extremely	
  useful	
  trait	
  for	
  enteric	
  adaptation29.	
  The	
  full	
  list	
  of	
  differences	
  is	
  detailed	
  

in	
  Supplementary	
  Table	
  4	
  and	
  5.	
  

	
  

There	
  was	
  no	
  increased	
  metabolism	
  of	
  any	
  nitrogen	
  sources	
  in	
  D7795	
  compared	
  to	
  

A1636,	
  however	
  metabolism	
  was	
  reduced	
  in	
  several	
  nitrogen	
  sources	
  

(Supplementary	
  Table	
  4	
  and	
  5).	
  The	
  most	
  interesting	
  sources	
  noted	
  to	
  be	
  down	
  

regulated	
  were	
  alloxan	
  and	
  allantoic	
  acid.	
  Allantoin	
  can	
  be	
  found	
  in	
  the	
  serum	
  of	
  

birds,	
  and	
  is	
  utilised	
  as	
  a	
  carbon	
  source	
  during	
  S.	
  Enteritidis	
  infection	
  of	
  chickens30	
  

and	
  pseudogenes	
  relating	
  to	
  allantoin	
  have	
  been	
  noted	
  in	
  S.	
  Typhimurium	
  ST31319.	
  

D7795	
  showed	
  increased	
  metabolism	
  in	
  the	
  presence	
  of	
  6%	
  sodium	
  chloride	
  

solution	
  at	
  both	
  temperatures,	
  but	
  decreased	
  metabolism	
  in	
  the	
  presence	
  of	
  4%	
  

sodium	
  formate,	
  which	
  is	
  consistent	
  with	
  the	
  numerous	
  mutations	
  in	
  formate	
  

catabolizing	
  genes	
  in	
  D7795.	
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